Acinetobacter baumannii is an important emerging pathogen that is capable of causing many types of severe infection, especially in immunocompromised hosts. Since A. baumannii can rapidly acquire antibiotic resistance genes, many infections are on the verge of being untreatable, and novel therapies are desperately needed. To investigate the potential utility of copper-based antibacterial strategies against Acinetobacter infections, we characterized copper resistance in a panel of recent clinical A. baumannii isolates. Exposure to increasing concentrations of copper in liquid culture and on solid surfaces resulted in dose-dependent and strain-dependent effects; levels of copper resistance varied broadly across isolates, possibly resulting from identified genotypic variation among strains. Examination of the growth-phase-dependent effect of copper on A. baumannii revealed that resistance to copper increased dramatically in stationary phase. Moreover, A. baumannii biofilms were more resistant to copper than planktonic cells but were still susceptible to copper toxicity. Exposure of bacteria to subinhibitory concentrations of copper allowed them to better adapt to and grow in high concentrations of copper; this copper tolerance response is likely achieved via increased expression of copper resistance mechanisms. Indeed, genomic analysis revealed numerous putative copper resistance proteins that share amino acid homology to known proteins in Escherichia coli and Pseudomonas aeruginosa. Transcriptional analysis revealed significant upregulation of these putative copper resistance genes following brief copper exposure. Future characterization of copper resistance mechanisms may aid in the search for novel antibiotics against Acinetobacter and other highly antibiotic-resistant pathogens.
A cinetobacter baumannii, a Gram-negative aerobe, is an important emerging pathogen in the United States and worldwide. Most Acinetobacter species are ubiquitous environmental bacteria, and the ability to survive in harsh, dry environments likely aided the establishment of A. baumannii as a prominent nosocomial pathogen (1) . Today A. baumannii is also nearly ubiquitous in hospital environments, especially in intensive care units (ICUs). A. baumannii is capable of causing many types of infections, including pneumonia, urinary tract infections, bacteremia, skin and soft tissue infections, osteomyelitis, and even meningitis (1) . Typically, A. baumannii causes serious disease only in immunocompromised individuals. However, the lack of a suitable treatment against antibiotic-resistant strains can lead to more severe disease and higher mortality (2) (3) (4) . Because of the high prevalence of multidrug-resistant (MDR) and extensively drug-resistant (XDR) strains, the CDC has classified A. baumannii as a "serious" threat (5) .
Despite its relatively recent introduction into hospitals in the United States and countries in South America and Europe, A. baumannii is responsible for a significant proportion of hospitalacquired infections. A recent meta-analysis of studies carried out worldwide reported that A. baumannii consistently causes 5 to 10% of hospital-acquired infections and an even greater proportion of ICU-acquired infections (6) . However, depending on patient demographics and the strains present, the proportion of certain infections caused by A. baumannii can be much larger than 5 to 10%. For example, a retrospective study of ICU-acquired infections in the ICU of the National Cancer Institute of Mexico reported that A. baumannii was the causative agent of 6% of total hospital-acquired infections but disproportionately represented 60% of pneumonia and 25% of bloodstream infections (7) . A. baumannii has rapidly evolved into a difficult-to-treat pathogen through acquisition, mostly via integrons and transposons, of multiple drug resistance genes that supplement the already high level of intrinsic drug resistance (8) . A recent study analyzing more than 1,300 globally collected bloodstream isolates included over 150 A. baumannii isolates (4) . Of these clinical strains, 91.9% were MDR, 71.3% were XDR, and 1% were pandrug resistant (PDR; resistant to all antibiotic treatments). Worldwide, XDR and PDR strains limit the treatment options for physicians, which can lead to empirical therapy and complications. Not surprisingly, the mortality rate of infection correlates with the level of drug resistance of the infecting strain and whether or not the patient was given appropriate antimicrobial therapy (2) (3) (4) . The extensive drug resistance in A. baumannii and other "superbugs" has prompted calls for more atypical antibacterial approaches that take into account the present resistance to most classes of antibiotics.
Most antibiotics target essential functions for bacterial growth and/or survival. Metal homeostasis is a vital process that provides an extensive list of potential new antibiotic targets. Copper is required for cellular function, e.g., for redox balance and as an enzyme cofactor. However, copper ions become toxic at high concentrations; these ions participate in Fenton chemistry to produce hydroxyl radicals that react with and damage essential biomolecules (9) . Additionally, copper ions damage iron-sulfur cluster proteins by binding with sulfur and displacing iron (10) . Recent studies in Escherichia coli and Salmonella spp. showed that when bacteria are placed on copper surfaces, outer membrane integrity is compromised, hydroxyl radicals are produced, respiration is inhibited, and DNA is degraded (11) . Because of the need for new therapeutics to treat highly antibiotic-resistant pathogens, research into the use of copper as an antimicrobial has recently increased. Various pathogens have been assessed for their levels of copper sensitivity in vitro; unfortunately, these values are difficult to compare due to protocol differences, namely, the growth medium used. However, it is evident that among the pathogens tested, the concentration of copper required for successful inhibition or elimination in minimal medium is typically within the micromolar range (12) (13) (14) (15) . Clinical isolates of A. baumannii have been assessed for their overall levels of copper resistance; however, previous experiments used a rich medium and reported MICs in the millimolar range, similar to those for other pathogens tested in rich medium (14, (16) (17) (18) . Thus, these MICs may be influenced by medium choice.
Variation in the inhibitory concentration of copper ions among pathogens and across individual strains is likely due to differences in the proteins present in the organisms that sense or modulate copper levels and/or their regulation. The details of copper homeostasis mechanisms that are critical to copper resistance have been investigated in some bacterial species. Among these, the E. coli copper resistance system is likely the most fully characterized. Generally, copper resistance in bacteria is facilitated by detoxification and export systems (19) . For example, in E. coli, the copper ATPase CopA effluxes copper ions from the cytosol to the periplasm, where they are oxidized to the less toxic Cu 2ϩ form by the copper oxidase, CueO (20, 21) . Expression of both copA and cueO is induced by the transcriptional regulator CueR when it is loaded with copper (22) . In addition, a two-component system, CusRS, senses copper ions in the periplasm and directly upregulates expression of an RND family efflux pump that removes copper ions from the cell (12, 17, 23) . E. coli also encodes the Pco system, whose contributions to copper resistance are less clear; the system appears to help in the handling of periplasmic copper (24) . Although there is extensive knowledge concerning copper homeostasis in E. coli and a few other pathogens, little is known about the overall level of copper resistance in A. baumannii. Protein sequences of E. coli copper-related genes have been used to identify putative homologous proteins in many bacteria, including A. baumannii (25) , but the importance of these genes to copper resistance has not been investigated experimentally. The goal of this study was to assess the overall level of copper resistance in A. baumannii clinical isolates and to begin to investigate potential mechanisms of copper homeostasis in this important pathogen.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Strains used in this study are listed in Table 1 , and primer sequences are shown in Table 2 . Bacterial strains were grown overnight at 37°C on 1.5% lysogeny broth (LB) agar plates (MoBio, Carlsbad, CA). Liquid cultures of A. baumannii were grown in M9 minimal medium (26) supplemented with 0.1% Casamino Acids (Difco, Franklin Lakes, NJ) at 37°C with shaking at 190 rpm; the amino acid-supplemented medium is referred to throughout the text as simply "M9 medium." Overnight cultures were started from a single colony and grown for 16 to 19 h. A. baumannii strains were maintained as frozen stocks at Ϫ80°C in M9 or LB medium supplemented with 40% glycerol.
Determination of A. baumannii sensitivity to copper in liquid culture. To assess the effect of copper on A. baumannii growth, subcultures were started from overnight cultures at an optical density at 600 nm (OD 600 ) of 0.05 in 10 ml of M9 medium containing 100 M to 1.5 mM CuSO 4 (Sigma-Aldrich, St. Louis, MO). The OD 600 of the cultures was measured every hour for 6 h. At 0, 2, 4, and 6 h, an aliquot of each culture was serially diluted and plated to enumerate CFU.
Determination of A. baumannii copper sensitivity on solid metal coupons. The metals tested were stainless steel 304, copper 110 H02 (99.9% Cu), and cartridge brass C260 (ϳ70% Cu) (Online Metals, Seattle, WA). Metal sheets were cut into coupons (1 ϫ 1 ϫ 0.04 to 0.05 cm) and degreased by vortexing in approximately 20 ml of acetone for 30 s. Coupons were stored immersed in absolute ethanol. Prior to use, coupons were flamed and placed in sterile petri dishes. Bacterial subcultures were grown as described above. At 2.5 h (log phase), 6 h (early stationary phase), and 24 h (stationary phase), 5-l samples were taken for (i) serial dilution and plating to determine the inoculum (T0) and (ii) spotting onto metal coupons. Dishes containing coupons were incubated on the lab bench at room temperature for up to 75 min. At various times, coupons were transferred to 5-ml screw-cap tubes (Axygen, Corning, NY) containing 3 ml of phosphate-buffered saline (PBS) and mixed in a Bullet Storm 5 blender (Next Advance, Averill Park, NY) on level 1 for 1 min. The samples were serially diluted and plated, and surviving CFU were enumerated. The limit of detection was 3 CFU per coupon.
Quantification of copper ions via ICP-MS.
To measure the concentration of copper ions found in medium exposed to metal surfaces, droplets were collected and analyzed by inductively coupled plasma mass spectrometry (ICP-MS). Similar to the setup of the copper sensitivity assay described above, two 5-l droplets of M9 medium were placed on a 1-by 1.5-cm metal coupon for 0, 15, 45, or 75 min. The droplets were collected by running an additional 100 l of M9 medium across the surface into a 1.5-ml Eppendorf tube; the total volume was run across the surface two additional times to collect any precipitated ions. The collected sample was immediately vortexed, and 10-to 20-l aliquots were removed to separate tubes and frozen at Ϫ20°C for later analysis. Aliquots of each preparation of M9 medium were also analyzed. Samples were thawed at room temperature and diluted 1:100 in 2% HNO 3 (trace metal grade). The metal content of the samples was quantitated by ICP-MS. Copper concentrations were determined by injecting diluted samples into an Agilent 7700X ICP-MS instrument (Agilent Technologies, Santa Clara, CA). Copper levels were detected using an octopole reaction system (ORS) cell in He mode to remove interference. The ICP-MS parameters used for the analysis were as follows: a radio frequency (RF) power of 1,550 W, an argon carrier gas flow of 1.01 liters/min, an argon make-up gas flow of 0.1 liter/min, a helium gas flow of 4.3 ml/min, an octopole RF of 200 V, and an OctP bias of Ϫ18 V. Samples were directly infused using the model 7700X peristaltic pump with a speed of 0.1 rotation per s (rps) and a micromist nebulizer. Copper concentrations in samples were derived from a calibration curve generated by a series of dilutions of a copper atomic absorption standard (Fluka Analytical, St. Louis, MO) prepared in the same matrix as the samples. Data analysis was performed using Agilent's Mass Hunter software.
Assessing copper sensitivity of A. baumannii biofilms. Biofilms of A. baumannii strain AB5711 were grown in 1 ml of LB broth in 24-well tissue culture-treated plates (Corning, Corning, NY). Cultures were started at an OD 600 of 0.05 and incubated statically at 37°C for 18 h. Afterwards, the LB broth was gently removed and replaced with 1.5 ml of M9 medium containing up to 1.5 mM CuSO 4 . The biofilms were incubated for another 6 to 24 h. At each time point (0, 6, and 24 h), the M9 medium was transferred to a 1.5-ml Eppendorf tube and vortexed for approximately 5 s to break up any clumped planktonic bacteria in the supernatant. Additionally, the biofilm was scraped from the sides and bottom of the well by use of a pipette tip and resuspended in 1 ml of PBS. Serial dilutions of both planktonic cells (supernatant) and biofilms were plated and CFU enumerated. The wells were stained with crystal violet following processing to ensure that the biofilms were recovered equally from all wells.
Identification of putative copper-related genes in A. baumannii. Initially, amino acid sequences from copper-related proteins in E. coli and Pseudomonas aeruginosa were used as queries for Protein BLASTp (NCBI) searches to identify putative copper-related genes in A. baumannii AB5075-UW. To determine the ultimate sequence similarity and identity between proteins in A. baumannii, E. coli, and P. aeruginosa, AB5075-UW (accession no. NZ_CP008706.1) proteins were compared to those encoded in the reference genomes of E. coli and P. aeruginosa, namely, E. coli K-12 MG1655 (accession no. NC_000913.3) and P. aeruginosa PAO1 (accession no. NC_002516.2). The identified amino acid sequences encoded by putative copper-related genes from A. baumannii AB5075-UW were entered as queries for BLASTp searches, and E. coli K-12 MG1655 (taxid 511145) and P. aeruginosa PAO1 (taxid 208964) were chosen individually as the search set. The following parameters were used: word size, 6; maximum number of matches in a query range, 0; BLOSUM62 matrix with gap costs of 11 for existence and 1 for extension; composition-based statistics; and automatic adjustments for short input sequences. To determine if each putative copper-related gene was present in the other Acinetobacter strains of the panel, the amino acid sequences from AB5075-UW were again used as queries, and each isolate was chosen as the search set. The same search parameters were used. Note that there are two locus numbers for each gene of AB5075-UW. In addition to the original annotation, there was a subsequent reannotation by GenBank that occurred very recently. Both identifiers are given in Table 4 and are available under accession no. NZ_CP008706.1. Based on the timing of the reannotation, we used the original annotation throughout this study.
RNA extraction, cDNA synthesis, and qRT-PCR. A large subculture of A. baumannii cells was grown to exponential phase (2.5 h) as described above and then aliquoted in 10-ml volumes into 25-ml flasks. Various concentrations of CuSO 4 (2.5 to 500 M) were added directly to the cultures, and the cells were incubated with shaking for an additional 30 min. Cells were harvested by centrifugation at room temperature, and RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA) as described previously (27) , with the exceptions that the aqueous phase was used directly in an RNeasy cleanup protocol (Qiagen, Hilden, Germany) and a 60-min DNase (Qiagen) digestion was performed during the cleanup. cDNA was synthesized using a Quantitect reverse transcription kit (Qiagen) according to the manufacturer's instructions and as previously described (28) . Briefly, quantitative reverse transcriptase PCR (qRT-PCR) was performed using a Roto-gene Q instrument (Qiagen), 1ϫ SYBR green RT-PCR master mix (Qiagen), 3 pmol each of the forward and reverse primers, and 1 l of cDNA. A reaction mixture in which no reverse transcriptase enzyme was added was included as a no-RT control. Cycling conditions were as follows: an initial activation step for 5 min at 95°C and 35 cycles of denaturation at 95°C for 10 s, annealing at 60°C for 20 s, and extension at 72°C for 10 s. SYBR green fluorescence was measured during each extension step. Relative gene expression was calculated by the 2 Ϫ⌬⌬CT method, using the 16S rRNA gene as the internal reference. Confirmation of operonic structure by junction PCR. To detect each of the operon gene junctions, qualitative RT-PCR was conducted using GoTaq master mix (Promega, Madison, WI) per the manufacturer's instructions. Junctional PCRs were performed using 0.5 l of cDNA, synthesized as described above, as the template. Chromosomal DNA was used as a positive control (0.5 l; ϳ100 ng), and the original RNA sample was used as a negative control (0.5 l; 150 to 200 ng). Each 25-l reaction mixture was incubated for 5 min at 95°C, followed by 25 cycles of denaturation at 95°C for 30 s, annealing at 54°C for 30 s, and extension at 72°C for 30 s. PCR products were separated in 1% agarose gels and visualized by staining with ethidium bromide. Because the genomic DNA (gDNA) template produced more PCR product, a smaller volume was loaded on the gel in order to visualize all bands well. The gel was loaded with the following amounts of PCR products: gDNA, 1 l; RNA, 20 l; and cDNA, 1 to 20 l.
Data analysis and statistics. All graphs and statistical analyses were carried out using GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA). Brown-Forsythe and Bartlett's tests were used to test for equality of variances, and graphical methods were used to assess normality. Welch's correction was used in the case of unequal variances, and nonparametric methods were used in the case of nonnormal data. Two-way analysis of variance (ANOVA) with Tukey's correction for multiple comparisons was used to evaluate differences in growth for various copper treatments, using log-transformed data. Data are presented as geometric means plus standard errors of the means (SEM). The Kruskal-Wallis test with Dunn's correction for multiple comparisons was used to compare surviving CFU on the coupons at each time point; data show numbers of CFU per coupon or percent survival and are presented as arithmetic means and interquartile ranges. One-way ANOVA with Welch's correction followed by linear contrasts with Bonferroni adjustment was used to compare biofilm and planktonic cell percentages of survival at each concentration and time point. Data are presented as arithmetic means and ranges. For all tests, a two-sided ␣ level set at 0.05 determined significance. Copper concentrations measured by ICP-MS of droplets on all steel coupons (0 to 75 min) are presented as arithmetic means Ϯ standard deviations.
RESULTS
Copper sensitivity of A. baumannii strains in liquid culture. Few published studies have investigated copper resistance levels in A. baumannii, and most prior studies examined environmental isolates of Acinetobacter spp. (29) (30) (31) (32) (33) . A single study examined clinical isolates of A. baumannii, and it found that MICs for copper in rich medium were in the millimolar range (16) . Thus, we first sought to determine the resistance levels of various A. baumannii isolates in minimal medium for a panel of recent clinical and laboratory strains (Table 1) . We supplemented liquid cultures of A. baumannii with 100 M to 1.5 mM CuSO 4 and measured bacterial growth (Fig. 1) . We found that the A. baumannii isolates grouped into the following two levels of copper resistance: highly resistant and sensitive. The more resistant A. baumannii strains (AB5075, ATCC 17978, AB0057, and AB5256) grew similarly to control cultures in up to 500 M CuSO 4 ( Fig. 1A to H) . For these strains, 1 mM copper minimally inhibited growth, while 1.5 mM copper significantly delayed growth. However, no cell death was observed, and each of these strains was able to grow in 1.5 mM CuSO 4 following a 1-to 3-h delay. Unfortunately, we were unable to test the effects of higher copper concentrations in this assay, since the addition of higher concentrations of copper resulted in visible precipitation of copper from the solution.
The panel of tested strains included two A. baumannii isolates that were drastically more copper sensitive than the others: AB5711 and AB4857 (Fig. 1I to L) . These strains were able to grow normally in 100 M copper, but growth was delayed by as little as 250 M copper. Furthermore, these strains were partially killed by copper concentrations of 500 M or higher. A common lab strain of E. coli, K-12 substrain MG1655, was tested as a positive control for copper sensitivity ( Fig. 1M and N) ; K-12-derived strains of E. coli have been shown to be inhibited significantly by 250 M CuSO 4 in modified M9 broth as well as on copper coupons (12, 34) . Overall, we observed that the A. baumannii strains tested had various levels of copper resistance; some strains were significantly affected by low micromolar concentrations of copper, while others continued to grow in media with millimolar concentrations of copper.
Survival of A. baumannii isolates on metal surfaces. Given the recent deployment of copper as an environmental decontamination strategy (35), we additionally investigated the survival of A. baumannii isolates on metal surfaces. First, we assessed the effects of various metals on survival of strain AB5075. We chose to focus on this strain because it is a recent clinical isolate that is both highly copper resistant (Fig. 1A and B) and virulent in animal models of lung and wound infections (36, 37) . To test survival on copper-containing surfaces, coupons of copper, cartridge brass, and stainless steel (negative control) were inoculated with AB5075 cells grown to log phase (2.5 h), and bacterial survival was determined at 15-min increments. As expected, AB5075 showed no loss of viability on stainless steel over the 75-min test period ( Fig. 2A) . Conversely, AB5075 was rapidly killed on the copper surface; the number of CFU dropped approximately 6 log and reached the limit of detection (3 CFU per coupon) in 30 min. On cartridge brass, which is approximately 70% copper, AB5075 was killed more slowly, but the limit of detection was still reached within 60 min.
Numerous studies have suggested that bacterial stress responses are affected by the growth phase, including in A. baumannii (38) . Thus, we next investigated whether the growth phase of the culture affected survival on copper-containing surfaces. This was accomplished by testing temporal samples from an AB5075 culture, i.e., samples taken during log phase (2.5 h), early stationary phase (6 h), and stationary phase (24 h). As in Fig. 2A , stainless steel caused no change in viability; this was true regardless of the growth phase of the cells (Fig. 2B) . However, copper resistance positively correlated with the age of the culture on both brass and copper coupons; AB5075 was most copper sensitive in log phase and most resistant in stationary phase ( Fig. 2C and D) . Indeed, the percentages of survival of stationary-and log-phase cells on brass and copper were significantly different from each other at 15, 30, and 45 min (P Ͻ 0.05).
Since the panel of A. baumannii isolates showed various levels of copper resistance in the liquid culture assay, we also individually assessed the full panel by using the coupon assay. In order to best discern differences among strains, we chose to focus on earlystationary-phase cultures and cartridge brass coupons; under these conditions, AB5075 died evenly and gradually, but its level still reached the limit of detection within 75 min. Stainless steel coupons and the E. coli strain were included as controls. While N) . At each time point, growth in the presence of each copper concentration was compared to that of the 0 M control by two-way ANOVA with Tukey's adjustment for multiple comparisons. The symbols above the graphs indicate which copper treatments were statistically significantly different (P Ͻ 0.05) from the 0 M control, as follows: ϳ, growth in 1.5 mM CuSO 4 was different from the control; ϩ, growth in 1 mM and 1.5 mM CuSO 4 was different from the control; *, growth in 500 M, 1 mM, and 1.5 mM CuSO 4 was different from the control; #, growth in 250 M, 500 M, 1 mM, and 1.5 mM CuSO 4 was different from the control; and ٙ, growth in 100 M, 250 M, 500 M, 1 mM, and 1.5 mM CuSO 4 was different from the control. the differences were not statistically significant, ATCC 17978, AB5256, and AB0057 appeared to survive better on the brass surface than did AB5075, AB5711, AB4857, and E. coli K-12 MG1655 (Fig. 2E and F) . Despite these differences in sensitivity, all strains were reduced approximately 7 log, to the limit of detection, during the 75-min test period. This finding highlights the ability of copper-containing surfaces to effectively eliminate A. baumannii.
Because we saw very limited killing in the liquid culture experiments (Fig. 1A to L) but saw dramatic killing of A. baumannii on the brass and copper surfaces, we hypothesized that the concentration of copper experienced by bacteria in the droplets of medium on the metal coupons must be much higher than the maximum copper concentration (1.5 mM) achievable in growth assays. To test this hypothesis, we used ICP-MS to measure the concentration of copper that accumulated in the droplets (Fig. 3) . As a control, we also assessed the copper content of the M9 growth medium. The M9 growth medium routinely contained approximately 1 to 2 M copper. The droplets exposed to stainless steel accumulated relatively low concentrations of copper, which were insufficient to kill any of the bacterial strains (131 Ϯ 86 M). The observed increase in copper ions following exposure to steel is presumably due to trace metal contamination in the stainless steel sheet preparation; the company specification sheet listed 0.54% Cu for the product, and the presence of copper in the steel coupons was confirmed by ICP-MS analysis of a steel sample treated with concentrated nitric acid (data not shown). While the concentrations of copper from steel were not sufficient to kill A. baumannii, the concentrations of copper in the droplets incubated on brass or copper surfaces were extremely high. The copper concentration in the droplets incubated on brass temporally increased to as high as 2 mM over the 75-min test period. Similarly, the copper concentration in the droplets incubated on pure copper temporally increased from Ͼ2 mM at 15 min to approximately 8 mM at 75 min. Thus, on these two metal surfaces, substantial concentrations of copper are released into the liquid environment, likely explaining why the bacteria were killed so rapidly under these conditions.
Killing of Acinetobacter biofilms by copper. Since A. baumannii forms biofilms on biotic and abiotic surfaces (39) , and because bacteria found in biofilms are often more resistant to environmental stress (40, 41) , we next sought to determine whether copper was efficacious against A. baumannii cells found within a biofilm. We tested the effects of copper on preformed biofilms of AB5711 because this strain formed substantial biofilms in vitro and was relatively sensitive to the copper concentration that is achievable in M9 medium (Fig. 1I and J) . We observed dose-dependent killing of both planktonic and biofilm cells (Fig. 4) . Bacteria within biofilms were reduced approximately 2 log over the 24-h period when the biofilms were treated with 1 or 1.5 mM copper. The planktonic cells were significantly more sensitive and were reduced approximately 5.5 log over the 24-h test period. Therefore, although biofilms did show increased copper resistance relative to that of planktonic cells, copper was still able to kill AB5711 within a biofilm.
Copper tolerance response. In the liquid assay, we observed that growth of strain AB5075 was delayed by the addition of 1.5 mM copper but later continued at an ample rate (Fig. 1A) . This pattern suggested that AB5075 was able to adapt to the copper stress. Tolerance responses following priming have been shown for other environmental stresses, e.g., the acid tolerance response (42) . Therefore, we tested if copper sensitivity was altered by preexposure of the bacteria to a subinhibitory concentration of copper. To this end, we preexposed AB5075 to increasing subinhibitory concentrations of copper (1 to 100 M) before adding copper to a final inhibitory concentration of 1.5 mM. Preexposure of cells H02 (99.9% copper), and cartridge brass C260 (ϳ70% copper) coupons. Bacteria were recovered after the indicated times and plated for enumeration of surviving CFU. The data are presented as numbers of CFU per coupon for five biologically independent experiments; medians and interquartile ranges are shown. The dashed line indicates the limit of detection (3 CFU/coupon). At each time point, numbers of CFU per milliliter were compared among all three metals by the Kruskal-Wallis test with Dunn's correction for multiple comparisons. The symbols indicate statistically significant comparisons (P Ͻ 0.05), as follows: ϩ, brass and copper different from steel; and *, copper different from steel. (B to D) Similar to the experiments in panel A, droplets of AB5075 were spotted onto steel, brass, and copper coupons. Bacteria were taken from log-phase (2.5 h), early-stationary-phase (6 h), and stationary-phase (24 h) cultures. Due to differences in the concentration of cells over the time course, data are presented as percent survival compared to that of the inoculum; open symbols indicate values at or below the limit of detection for all replicates. Data represent five biologically independent experiments; medians and interquartile ranges are shown. *, log-and stationary-phase cultures were significantly different from each other (P Ͻ 0.05) at the indicated time point. (E and F) Early-stationary-phase (6 h) cultures of each indicated strain were spotted onto steel and brass coupons. The results for the panel of strains were separated into two graphs for clarity, with AB5075 shown in both panels for comparison. The data are presented as numbers of CFU per coupon for 3 to 5 biologically independent experiments; medians and ranges are shown.
to very small amounts of copper allowed the bacteria to initiate growth in the presence of 1.5 mM copper much sooner than if they were not preexposed ( Fig. 5; Table 3 ). Furthermore, the pattern showed a classic dose-response relationship. As little as 2.5 M copper significantly reduced the lag in growth seen in the presence of 1.5 mM copper (P Ͻ 0.05), and preexposure to higher concentrations of copper further decreased the lag in growth; this trend was represented by a decrease in P values (Table 3) . However, priming reached the maximum effect at approximately 10 M during the preexposure stage. Overall, preexposure of AB5075 cells to very low concentrations of copper shortened the time required to initiate growth with a high concentration of copper, which further suggests that AB5075 is able to mount a tolerance response to copper stress.
Putative copper-related genes. Copper resistance in bacteria is mediated by a variety of copper homeostasis mechanisms, mainly copper detoxification and efflux (19) . The ability of AB5075 to adapt to growth in a high concentration of copper suggests that this bacterium likely encodes copper resistance mechanisms that are induced by copper exposure. To identify putative copper resistance mechanisms in AB5075, we used the amino acid sequences encoded by known copper-related genes from E. coli and P. aeruginosa to search the AB5075 genome (19, 25) ; many of the identified targets were already annotated with copper-related functions. The levels of homology of each of the identified AB5075 proteins to E. coli K-12 MG1655 and P. aeruginosa PAO1 proteins AB5711 cultures were incubated statically overnight at 37°C in a 24-well tissue culture-treated plate to establish biofilms. The LB broth was removed and replaced with M9 medium containing the indicated concentration of CuSO 4 . After 0, 6, or 24 h of additional incubation, bacteria from both the supernatant (planktonic) and the biofilm were serially diluted and plated for enumeration of CFU. Percent survival was calculated as the percentage of the bacteria present at time zero under each condition. Data are presented as mean and ranges for four biologically independent replicates. One-way ANOVA with Welch's correction followed by linear contrasts with Bonferroni adjustment was used to compare biofilm and planktonic cell percentages of survival at each concentration and time point. Statistically significant comparisons (P Ͻ 0.01) are indicated with asterisks.
FIG 5
Preexposure to a low concentration of copper induces a copper tolerance response. AB5075 was subcultured at an OD 600 of 0.05 in M9 medium containing the indicated concentration of CuSO 4 . After 30 min of incubation (dashed line), copper was added to a final concentration of 1.5 mM. Culture density was then measured by determining the OD 600 at the indicated time points. The data are presented as geometric means and standard errors of the means for three biologically independent experiments. For each time point, growth under each priming condition was compared by two-way ANOVA with Tukey's adjustment for multiple comparisons. Significance (P Ͻ 0.05) was found at hours 2 and 3; P values are shown in Table 2 . are presented in Table 4 . Given the closer relationship of the two, most A. baumannii proteins were more similar to those of P. aeruginosa than to those of E. coli. Overall, the level of homology to copper-related proteins in both organisms was high, suggesting that these copper resistance mechanisms are well conserved. In total, 23 putative proteins of AB5075 were analyzed via comparison to E. coli and P. aeruginosa (Table 4 ). The most wellknown copper resistance systems were present and well conserved in AB5075. The CopA (copper ATPase), CueO (copper oxidase), and CueR (regulator) system of detoxification was complete (ActP2/CopA1, CopA/CueO, and CueR). Additionally, AB5075 appeared to encode a second copper ATPase (ActP2/CopA1) and copper oxidase (PcoA). The copper-sensing two-component system, CopRS/CusRS, was also present and highly conserved. However, the presumed target of CopRS/CusRS regulation, the RND family efflux pump encoded by czcABCD, appeared to be less well conserved. Homologues of CzcA, CzcB, and CzcD were clearly present, but the CzcC protein did not match any proteins in E. coli or P. aeruginosa. However, a distally located gene, ABUW_1334, showed clear homology to the genes encoding CusC/CzcC of E. coli and an outer membrane efflux protein of P. aeruginosa. In addition, many homologues of copper-related genes with lesswell-characterized functions were also conserved in AB5075: PcoB, CopB, and CopC.
We noted that the putative copper-related proteins were encoded by genes that were located in only four areas of the AB5075 chromosome; we arbitrarily named these regions A through D (Fig. 6) . The genes were arranged as 6 apparent operons with 2 adjacent, monocistronic genes. The organization and operonic structure were confirmed experimentally using junctional PCR analysis of cDNA (Fig. 7) .
To determine if the other A. baumannii isolates in the panel also carry the identified putative copper-related genes, we next used the amino acid sequences of AB5075 proteins to search the other genomes. Genomes were searchable by BLASTp searches for all strains except AB4857. In most of the A. baumannii strains, we identified all of the putative copper-related genes identified in AB5075. However, AB5711 did not appear to carry all of the genes found in the other strains. AB5711 lacked all of the genes found in region D in AB5075, i.e., copB, copA/cueO, ABUW_3322, copR/ cusR, copS, actP1/copA2, copC, and copD.
Expression of putative copper-related genes. Finally, to determine if expression of the putative copper-related genes in AB5075 was regulated by copper, we used qRT-PCR to measure changes in transcript levels following 30 min of exposure to subinhibitory concentrations of copper (Fig. 8) . For genes located in regions B and D, we saw significant increases (Ն2-fold) in expression in response to copper. In many cases, a dose-dependent increase in expression was observed as the copper concentration increased. Note that the observed expression patterns were most similar for genes located in close proximity on the chromosome. For example, genes located in region B were upregulated by as little as 2.5 M CuSO 4 and showed a steady increase in expression as more copper was added. Conversely, all four gene sets in region D required addition of Ն10 M CuSO 4 to induce increased expression, which then peaked at 250 M CuSO 4 . Expression of the operons in regions A and C did not increase in response to copper. Overall, we observed that many of the putative copper-related genes were induced by exposure to copper, suggesting that the Some of the proteins identified in AB5075 were annotated with names commonly used for different copper-related proteins. To avoid confusion in discussing A. baumannii systems alongside those of other bacteria, we referred to these proteins by new names that match those used elsewhere. In these cases, we first provide the current annotated name of the protein followed by the new name used in this publication.
b Two locus numbers are given for each protein in AB5075-UW: one from the original annotation and one from the subsequent reannotation by GenBank. Both are available under accession no. NZ_CP008706.1.
c Genes located in operons with identified copper-related genes were included even if they were not also identified as being copper related.
d
No homologue was found in the selected E. coli or P. aeruginosa strain, but significant homology was found with a different strain when the species E. coli (taxid 562) or P. aeruginosa (taxid 287) was chosen as the search set. The ABUW_2705 homologue was found in E. coli KTE51, with the locus tag A1SA_00101. The ABUW_3226 homologues were identified in multiple E. coli strains (accession no.
WP_004364974.1) and multiple P.
aeruginosa strains (accession no. WP_031693306.1). The PcoB homologue was identified in multiple E. coli strains (accession no. WP_020996127.1). The CopB homologue was found in E. coli strain HM46, with the locus tag HM46_RS23285. The ABUW_3322 homologue was found in E. coli HM46, with the locus tag HM46_RS23290, and was identified in multiple P. aeruginosa strains (accession no.
WP_043096474.1). The CopC homologue was found in P. (Fig. 1) . However, all of the tested A. baumannii strains were killed rapidly on coppercontaining surfaces (Fig. 2) . This was likely due in part to the high concentration of copper ions that accumulated in the droplets of medium (Fig. 3) . While A. baumannii found in a biofilm was more resistant to copper toxicity than planktonic cells, biofilm cells were also susceptible to copper (Fig. 4) . Additionally, we identified many putative proteins that may be involved in copper resistance and showed that expression of many of the genes that encode these proteins is upregulated following exposure to copper (Table 4 ; Fig.  8 ). Increased expression of these genes in response to copper likely mediates improved adaptation of AB5075 to copper shock when the culture is pretreated with subinhibitory concentrations of copper (Fig. 5) . To our knowledge, this is the first comprehensive study characterizing copper resistance in A. baumannii. 
FIG 7
Junctional PCR confirms the operonic structure of putative copper-related genes. To detect each of the gene junctions between genes of a putative operon, qualitative reverse transcription-PCR was conducted. PCRs were performed using genomic DNA, RNA, or cDNA as the template. Each reaction mixture was incubated for 5 min at 95°C, followed by 25 cycles of denaturation at 95°C for 30 s, annealing at 54°C for 30 s, and extension at 72°C for 30 s. PCR products were separated in 1% agarose gels and visualized by staining with ethidium bromide. Each PCR was performed three times using biologically independent cDNA samples.
Due to the increase in antibiotic resistance seen across an extensive array of bacterial pathogens, there is a pressing need to identify new means to treat infections caused by these organisms. The potential to use copper as a novel therapeutic to treat infections has led to a number of studies that have sought to determine the sensitivity of various pathogens to this metal. Unfortunately, it becomes very difficult to compare these experiments to one another because the chosen growth medium can drastically affect the amount of copper required to inhibit bacterial growth. The MIC of soluble copper ions is dramatically increased in rich medium; this is presumably due to binding of copper ions by proteins in the medium, which effectively reduces the concentration of free copper ions able to impose damage. For example, the MIC of copper for P. aeruginosa PAO1 increases from 100 M in minimal medium to 6 mM in rich medium (14) . While we recognize the potential limitations of comparing our results to those of experiments with different protocols, we note that the concentration of copper required to inhibit bacterial growth of A. baumannii appears to be strikingly different from that for other pathogens. Similar experiments conducted in minimal media found that the MIC of copper is 500 M or less for Mycobacterium tuberculosis strain H37Rv, E. coli strain BW25113, P. aeruginosa strain PAO1, and Salmonella enterica serovar Typhimurium strain SL1344 (12) (13) (14) (15) . Conversely, we found that growth of most of the A. baumannii isolates was only slightly delayed by 1.5 mM CuSO 4 in minimal medium, and we were unable to kill these strains with soluble copper. Thus, it appears that A. baumannii may be more copper resistant than other bacterial pathogens that have been tested. The high levels of copper resistance may be related to the fact that the progenitor A. baumannii strain may have been a soil organism, as the levels of copper in soil may be significantly higher than those typically encountered by other bacterial species (43) . Since copper resistance may also play a role in survival in the human host or hospital environment, the genes were retained. Additionally, A. baumannii is an exceptional example of a pathogen that rapidly obtains genetic information from other organisms via horizontal gene transfer; indeed, copper resistance gene clusters have been identified in mobile genetic elements in A. baumannii, alongside its many antibiotic resistance genes (44) .
Ultimately, the levels of copper resistance are no doubt directly influenced by the repertoire of copper-related genes carried by the organism. Thus, we identified a large set of putative copper-related genes in strain AB5075 (Table 4) . While the functions of the putative proteins encoded by these genes remain to be elucidated for A. baumannii, the functions of some of the orthologous proteins have been well characterized for E. coli. For example, CopA, CueO, and CueR make up a canonical copper detoxification system, consisting of a copper ATPase to efflux copper ions to the periplasm, a periplasmic copper oxidase to detoxify the copper ions, and a transcriptional regulator to activate expression of the system in response to cytoplasmic copper ions. While homologues of all three of these proteins are present in AB5075, they are not encoded together (ActP2/CopA1, CopA/CueO, and CueR). Additionally, AB5075 appears to encode a second copper ATPase and copper oxidase (AcP1/CopA2 and PcoA, respectively) in its genome. In addition to the detoxification system, homologues of a copper efflux pump (CzcCBAD) and a potential regulator of this system (CopRS/CusRS) were also identified in AB5075. We note that while expression of the two-component system encoded by copRS/cusRS was increased upon copper exposure, expression of the RND family efflux pump encoded by czcCBAD did not increase (Fig. 8 ). Thus, it is possible that the pump is regulated differently in A. baumannii than in E. coli, that the pump is constitutively active, or that this pump is not actually used for copper. AB5075 encodes many putative efflux pumps, and thus czcCBAD may have been misannotated as a copper pump. Indeed, future functional analysis will be required to conclusively determine the function of any of the putative proteins encoded by these copperrelated genes.
Two of the A. baumannii clinical isolates tested, AB4857 and AB5711, were significantly more sensitive to copper than the rest of the strains of the panel (Fig. 1) . Unfortunately, the genome of AB4857 is available only as a draft and is not searchable by BLASTp for comparison. However, AB5711 lacks a large group of copper-related genes that are present in AB5075 region D. These include copB, copA/cueO, ABUW_3322, copR/cusR, copS, actP1/ copA2, copC, and copD. Thus, since the level of copper resistance of AB5711 is significantly lower than that of the other A. baumannii strains, it is tempting to speculate that the proteins encoded by the genes carried in region D are crucial to the higher level of copper resistance seen in the other A. baumannii isolates. Future mutational analysis will be required to define the role of each of these proteins in copper resistance.
Our analysis showed copper-dependent regulation of genes found in regions B and D of the chromosome; genes in region B were exquisitely sensitive to the copper concentration (Fig. 8) . Indeed, expression from the two divergently transcribed genes/ operons in region B increased significantly in response to the addition of as little as 2.5 M copper sulfate, and it continued to increase with additional copper. Conversely, increased expression from region D, which carries adjacent pairs of divergently transcribed genes/operons, required the addition of Ն10 M copper. We note that the threshold for upregulation of copper-related genes fits well with the copper tolerance response we observed (Fig. 5) . Indeed, pretreatment with as little as 2.5 M CuSO 4 significantly reduced the lag in growth seen with extreme copper shock, and pretreatment with up to 10 M CuSO 4 further shortened the lag in growth. Thus, perhaps the increased expression of copper-related genes found in regions B and D is responsible for the identified copper tolerance response. Future analysis of strains containing mutations in genes located in these regions will help to define the importance of these genes to the adaptation response.
In addition to the possible utilization of copper in novel therapeutics, copper is also being tested for use in environmental decontamination. Recent clinical trials showed that covering hightouch surfaces in hospital rooms with copper can significantly decrease the bacterial burden and can reduce the number of hospital-acquired infections by more than 50% (35, (45) (46) (47) (48) . Because A. baumannii fomite-associated hospital outbreaks have been documented, specifically from a contaminated hospital bed and burn theater, evidence that copper effectively eliminates environmental A. baumannii is important (49) . Indeed, we found that all tested strains of A. baumannii were reduced to near or below the limit of detection in only 60 to 75 min when exposed to brass and copper surfaces (Fig. 2) . A. baumannii clinical isolates have previously been shown to be sensitive to copper-containing metal coupons (50) (51) (52) . The data cannot be compared directly due to protocol differences, but similar trends were observed, with full survival on control surfaces, significant reductions on coppercontaining surfaces, and more efficient killing by alloys with a higher copper content. In this study, we additionally showed the growth-phase-dependent effects on survival on copper-containing surfaces and the variation in copper sensitivity among isolates of A. baumannii. Overall, these results demonstrate that copper has great potential to reduce A. baumannii in the environment.
Because we saw dramatic killing of A. baumannii on the copper coupons but only limited killing of some strains in the liquid assay, we used ICP-MS to measure the concentration of copper that accumulated over time in the 5-l droplets of medium on the metal surface. On the copper coupons, we saw a rapid accumulation of millimolar concentrations of copper ions, which aids in explaining the dramatic killing of bacteria under these conditions. A similar experiment was performed previously, in which millimolar concentrations of copper were reported to accumulate in a 25-l droplet of Tris-Cl on a copper coupon (53) . However, the rates at which ions were taken up into the droplets were very different between the experiments. This is likely due to the difference in droplet size between the two experiments; this minor protocol difference likely dramatically affects the resulting data.
Previously, biofilm formation by environmental Acinetobacter spp. was shown to be inhibited by increasing concentrations of copper (31) . In the same vein, we found that copper was effective at killing modern clinical isolates of A. baumannii found within a preformed biofilm structure. Not surprisingly, the biofilm was partially protective, and cells in the biofilm were significantly more resilient than planktonic cells; however, even the biofilm was effectively reduced by high concentrations of copper (Fig. 4) . We speculate that A. baumannii biofilms may be able to be eliminated completely by copper concentrations higher than those achievable in M9 medium. Our results demonstrate that copper-based therapies have the potential to be effective treatments, even against A. baumannii strains that have formed biofilms.
In summary, due to its intrinsic antimicrobial properties, copper has the potential to be used in new therapeutics for A. baumannii infection. Furthermore, if particular protein functions can be identified that are critical for copper resistance, novel antibiotics may be able to be designed to target those functions as a means to enhance the inherent antibacterial properties of copper. Such a strategy may make a very limited amount of copper very effective against infection. The human immune system utilizes copper in various ways to fight infection, and concentrations upwards of 500 M have been measured in macrophage phagosomes (54) (55) (56) . Furthermore, methods of increasing the concentration of copper in the body to enhance its antimicrobial effects are being investigated (57) (58) (59) (60) . Additional targeting and blocking of copper resistance systems may make these strategies increasingly efficacious; indeed, many copper resistance systems have been shown to be critical for full virulence in various pathogens (61) . We hope that future identification of mechanisms that are critical for copper resistance and virulence in A. baumannii and other bacterial pathogens will open doors for development of novel copper-based therapeutics.
